With exceptional electronic and gate-tunable optical properties, graphene provides new possibilities for active nanophotonic devices. Requirements of very large carrier density modulation, however, limit the operation of graphene based optical devices in the visible spectrum. Here, we report a unique approach that avoids these limitations and implements graphene into optoelectronic devices working in the visible spectrum. The approach relies on controlling nonradiative energy transfer between colloidal quantum-dots and graphene through gate-voltage induced tuning of the charge density of graphene. We demonstrate a new class of large area optoelectronic devices including fluorescent display and voltage-controlled color-variable devices working in the visible spectrum. We anticipate that the presented technique could provide new practical routes for active control of light-matter interaction at the nanometer scale which could find new implications ranging from display technologies to quantum optics.
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Controlling light-matter interactions at the nanometer length scale is a central goal of nanophotonics. 1 Plasmonic nanostructures, 2,3 photonic crystals, 4 and quantum-wells 5 have been used to manipulate these interactions. Small electro-optic effects 6, 7, 8 and the lack of electric-field effect in metals have been the challenges hindering active control of nanophotonic devices. Very recently, graphene has provided a new flexible platform for gatecontrolled optical devices such as optical modulators, 9-11 tunable photonic microcavities, 12, 13 and plasmonic devices. [14] [15] [16] [17] Indeed, these applications are mainly based on Pauli blocking principle, [18] [19] [20] [21] i.e. the optical absorption of graphene can be blocked when the gate-induced shift of Fermi energy is larger than the half of the excitation energy. However, the working wavelength of these devices is limited to infrared wavelengths. 16 In order to suppress the interband transitions in the visible spectrum, the Fermi level needs to be modulated larger than 1 eV, which requires extremely large gate-induced carrier densities or extreme doping of graphene (>5x10 13 cm -2 ). 15, 19 In fact, these electrostatic doping levels are not practical with conventional gate dielectric materials due to the dielectric breakdown. On the one hand electrolyte based gating schemes can decrease the working wavelengths down to near infrared region, 12, 15, 19, 22 but on the other hand requirements of liquid medium and limited switching time of electrolytes significantly hinder the realization of the full potential held by graphene for optoelectronic applications in the visible spectrum.
To overcome these limitations, we used gate-controlled fluorescence quenching of colloidal quantum-dots (QDs) embedded in the dielectric layer of graphene transistors. Since the rate of nonradiative energy transfer between QDs and graphene depends on the concentration of free carriers in graphene, [22] [23] [24] [25] the fluorescence of QDs can be controlled through gate-induced carriers in graphene. Our method is suitable for visible spectrum defined by the emission of the QDs. Colloidal quantum-dots have enabled applications ranging from biological imaging to display technologies 26 owing to their high quantum yields, tunable and narrow spectral emission, and photostability. 27 Various excitation mechanisms of QDs such as 3 optical excitations, charge injection, and energy transfer have been developed for lightemitting applications. 27 The lack of efficient electrical control of the emission of QDs has been the challenge delaying the full potential of quantum-dots for active optoelectronic devices. Recently, energy transfer between two dimensional sheets of graphene and zero dimensional quantum dots have been theoretically and experimentally studied. We integrated colloidal QDs with back-gated graphene field-effect transistors. We used CdSe/ZnS (Qdot® 625, Catalog Number A10197) with emission maxima at ~625 nm, purchased from Life Technologies Corporation. We drop casted the diluted 4 nM of quantumdot solution on the device surface. Figure 1a shows the device layout. The gate dielectric consists of two layers of Si3N4 (65 nm bottom layer and 25 nm top layer) grown by chemical vapor deposition. Graphene was synthesized on ultrasmooth copper foils (Mitsui mining and smelting co., Ltd., B1-SBS) by chemical vapor deposition at 1035 0 C as reported in our previous publications. 33 After the transfer-printing process of graphene, we fabricated source and drain electrodes with standard UV-photolithography and performed two layers of metallization process (SFigures 1-6). In order to perform simultaneous electrical and optical measurements, the devices were wire-bonded on conventional ceramic chip holders. Figure 1 
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(b and c) shows the device mounted on a chip holder and a zoomed image of an individual graphene transistor. The transistor has a channel width of 100 µm and a channel length of 64 µm. The critical design aspects of the devices include optimum dielectric thickness with very low gate-leakage current (less than 1 nA), and deposition of the dielectric on QDs without significant detrimental effects on the fluorescence. Figure 1d shows the gate voltage dependent electrical resistance of graphene. The resistance of graphene reaches its maximum value (around 5 kΩ) at the charge neutrality (Dirac) point VCNP=2 V and on-off ratio around 10. The resistance of graphene can be expressed as
where RT is the total resistance, Rc is the contact resistance, L and W are the width and the length of the channel, µ is the carrier mobility, n0 is the minimum carrier density, and ng is the gate induced carrier density. The ng is tuned by the gate voltage Vg, as e
where Cg is the gate capacitance, and e is the elementary charge. The fit of the resistance (black solid line in Figure 2c ) yields the field effect mobility of 600 cm 2 /Vs, and n0 of 1.5x10 12 cm -2 . In order to clarify the dominant energy transfer mechanism involved in the gatecontrolled quenching, we measured gate voltage-dependence of fluorescence lifetime of the QDs. To perform these experiments, we fabricated large area graphene transistors with similar layout shown in Figure 1a but the transistors have a large channel area (~1cm 2 , SFigure 6).
The transfer curve of the device is shown in Figure 3a . We monitored the temporal evolution of fluorescence using a time-correlated single photon counting system as we tuned the gate voltage. Time-correlated single photon counting experiments were performed using Horiba, Figure 5d shows the fluorescence images of the display device at various supply voltages. The plot of the intensity of a bright and a dark pixel as a function of Vs is shown in Figure 5e . The variation of the intensity profile resembles the results obtained in Figure 2 . We observed that the charge neutrality point varies among the pixels resulting in some degree of inhomogeneity of the contrast. To generate dynamic images on the passive matrix display, we built a scan and data circuits. To select a pixel (to quench the fluorescence of QDs), we apply +10 V to top electrode and -10 V to the bottom electrode. Voltage difference of less than 12 V does not generate significant fluorescence quenching which yields a bright pixel on the display. We generated dynamic fluorescence patterns of 7 characters of the text "BILKENT" (the name of our university). To generate the fluorescence image of a letter (Figure 5f ), the circuit scans the columns with a scan rate of 100 ms and the data line refreshes the rows for every 100 ms. The yield associated with transfer-printing process of graphene is quite high; however, there are some local defects which generate bright dots on the display. In addition, we observed some degree of hysteresis causing grayed appearance of the previous characters, which is most likely due to the charge injection into the dielectric. We tested the time response of the display device by changing the switching time of the drive circuit. In summary, we here demonstrate graphene-QDs based fluorescent display and voltage-controlled color-variable hybrid optoelectronic devices working in the visible region.
Our study shows that the electrical control of carrier density in graphene together with its optical transparency enables gate-controlled fluorescence of QDs placed in close proximity of the graphene surface. The near field coupling between QDs and graphene yields a nonradiative energy transfer which is tuned through controlling charge density on graphene.
The presented hybrid optoelectronic devices working in the visible spectrum show the promises of the method which could find immediate applications for light-emission and display technologies. Our method can be scaled down to the single QD level; on the other hand, it can be scaled up to large area applications. In addition, unique mechanical properties 
